We investigate the capabilities of different instrument concepts for the retrieval of aerosol properties over land. It was found that, if the surface reflection properties are unknown, only multiple-viewing-angle measurements of both intensity and polarization are able to provide the relevant aerosol parameters with sufficient accuracy for climate research. Furthermore, retrieval errors are only little affected when the number of viewing angles is increased at the cost of the number of spectral sampling points and vice versa. This indicates that there is a certain amount of freedom for the instrument design of dedicated aerosol instruments. The final choice on the trade-off between the spectral sampling and the number of viewing angles should be made taking other factors into account, such as instrument complexity and the ability to obtain global coverage.
Introduction
Aerosols directly affect the Earth's climate by scattering and absorption of radiation and indirectly by changing the microphysical properties of clouds. The total effect of aerosols on climate is uncertain, both in magnitude and even in sign, representing one of the largest uncertainties in climate research. To improve our understanding of the effect of aerosols on climate, global measurements are needed for a number of aerosol properties such as size of particles, their refractive index, and aerosol optical thickness. The only way to obtain these parameters on a global scale is by means of satellite remote sensing.
Satellite instruments that may be used for tropospheric aerosol retrieval can roughly be divided into four categories (the quoted references describe aerosol retrievals from these instruments): (i) Instruments that perform multispectral measurements of the intensity in one viewing direction. Among these instruments are the advanced very high-resolution radiometer [1] (AVHRR), which measures the 650 -850 nm range in two spectral bands, the moderate resolution imaging spectroradiometer [2] (MODIS), which measures the 410-2130 nm range in seven spectral bands, and the ozone monitoring instrument [3] (OMI), which measures the 270-550 nm range with a spectral resolution of ϳ0.5 nm. (ii) Instruments that perform multispectral measurements of the intensity and observe the same ground pixel under different viewing geometries. Among these instruments is the multiangle imaging spectroradiometer [4] (MISR), which measures the 443-865 nm range in four spectral bands and observes the same ground scene under nine viewing angles. (iii) Instruments that perform multispectral measurements of the intensity and the polarization in one viewing direction [5] . The global ozone monitoring experiment-2 (GOME-2) will be the first instrument in this category. GOME-2 contains a polarization measuring device (PMD) that measures the Stokes parameters I and Q in the range of 300-800 nm in 15 spectral bands. (iv) Instruments that perform multispectral measurements of the intensity and the polarization and observe the same ground pixel under different viewing geometries. The PARASOL instrument is the only instrument in this category that is currently in orbit. It is a successor to the POLDER-1 and POLDER-2 instruments [6 -8] , both of which were active for approximately 8 months in 1996 -1997 and 2002 , respectively. PARASOL makes images on a CCD matrix array of 242 by 274 elements with a field of view of 114°. The nadir pixel size is 6 km ϫ 7 km. Successive overlap of pictures allows ground pixels to be viewed under 16 different viewing geometries. A rotating filter wheel is used to consecutively measure spectral information (nine bands: 443, 490, 565, 670, 763, 765, 865, 910, and 1020 nm) and polarization components (linear polarization in three spectral bands: 490, 670, and 865 nm) over a time span of 0.6 s. The aerosol polarimetric sensor [9 -11] (APS) is a future planned instrument that will perform multiple-viewing-angle measurements of intensity and polarization by scanning a 12 mrad instantaneous field of view from limb to limb, resulting in approximately 180 viewing angles of the same scene for both intensity and polarization. The spectral range of APS will be 410-2250 nm, with wavelength bands at 410, 470, 550, 670, 865, 960, 1590, 1880, and 2250 nm.
The different instrument types described above differ significantly in their information content with respect to aerosol properties. Mishchenko and Travis [12] performed a systematic comparison between different measurement types for a single near-infrared wavelength of 865 nm. In their comparison, they considered the retrieval of a limited number of aerosol parameters (effective radius, real part of the refractive index, and optical thickness of a monomodal size distribution) above oceanic surfaces. They concluded that single-viewing-angle intensity-only retrievals suffer from a severe uniqueness problem that can be solved by using measurements of the relative Stokes parameters q ϭ Q͞I and u ϭ U͞I at multiple viewing angles (see also the papers by Chowdhary et al. [13] ). Kahn et al. [14] investigated the information content over the ocean of multiple-viewing-angle intensity measurements as performed by MISR, and found that MISR allows one to distinguish two to four compositional groups based on refractive index, four size groups in the range of 0.1-2 m, and between spherical and nonspherical particles. Miecznik et al. [15] used a principal component analysis in combination with simplified radiative transfer calculations to compare multiple-wavelength multiple-viewing-angle measurements of the relative Stokes parameters q and u with corresponding intensity measurements for all parameters of a monomodal size distribution. Their conclusions for a large part confirm the findings of Mishchenko and Travis [12] , but they also found that for small soot particles the total intensity is a better discriminator for microphysical properties than the polarization fraction.
The above-mentioned studies assume that the surface reflection properties are known, which is a valid assumption for retrievals over the ocean but not over land. For aerosol retrievals over land surfaces, it is essential to accurately take into account the reflection properties of the Earth's surface. MODIS retrievals [2] use an empirical relationship between the albedo retrieved at the 2.1 m band (where the aerosol contribution is small), and the albedo for the bands in the visible spectral range. OMI aerosol retrievals [3] use external surface albedo information from satellite-based climatologies. Uncertainties in the used surface albedos represent one of the largest error sources for retrieved aerosol properties from these instruments. Retrievals from multiple-viewingangle measurements can take advantage of the different angular reflectance signatures of the surface and the atmosphere to accomplish the retrieval of aerosol optical thickness over land surfaces [4, 16, 17] .
In this paper, we will investigate the capability of multiple-viewing measurements of intensity and polarization for the simultaneous retrieval of aerosol and surface properties. The retrieval capability will be compared with that of other measurement concepts. This study includes the following extensions compared with previously conducted studies concerning the retrieval capabilities of satellite measurements: (1) We consider the retrieval of all parameters corresponding to a bimodal aerosol size distribution, (2) we consider the simultaneous retrieval of aerosol and surface properties, and (3) we investigate the trade-off between information contained in the spectral signature of scattered sunlight and information contained in the angular signature.
In Section 2 we discuss the retrieval approach and error calculation. In Section 3 we compare retrieval errors of single-viewing-angle measurements of intensity and͞or polarization in the spectral range of 350-2000 nm with corresponding multiple-viewingangle measurements, and we compare different types of multiple-viewing-angle measurement. In Section 4 we discuss the capabilities of multiple-viewing-angle measurements of intensity and polarization in more detail. Section 5 discusses the trade-off between spectral and angular information. Finally, Section 6 concludes the paper.
Retrieval Approach and Error Calculation

A. Stokes Parameters and Scattering Phase Matrix
The radiance and state of polarization of light at a given wavelength can be described by an intensity vector I, which has the Stokes parameters as its components [18] :
where T indicates the transposed vector and the Stokes parameters are defined with respect to a certain reference plane. The angular dependence of single scattering of polarized light can be described by means of the scattering phase matrix P. We will restrict ourselves to scattering phase matrices of the form:
where p 1 , p 2 , . . . , p 6 are certain functions of scattering angle and the scattering plane is the plane of reference. This type of scattering matrix is valid for [19] (i) scattering by an assembly of randomly oriented particles each having a plane of symmetry, (ii) scattering by an assembly containing particles and their mirror particles in equal numbers and with random orientations, and (iii) Rayleigh scattering with or without depolarization effects. The elements of the aerosol-scattering phase matrix depend strongly on aerosol microphysical properties. This is illustrated in Fig. 1 where the phase function (element p 1 ) and the signed degree of linear polarization ͑Ϫp 5 ͞p 1 ͒ are shown for biomass burning aerosols and dust aerosols (see Table 1 ), calculated using Mie theory. It can be seen that both the spectral dependence and the angular dependence of the phase function and signed degree of linear polarization are very distinct for the two aerosol types. This indicates that important information is present in the spectral and angular behavior of the total intensity and polarization of backscattered light. In this paper, we will investigate which type of satellite measurements is required to extract this information, if the reflection properties of the Earth's surface also are unknown. Furthermore, we will investigate the tradeoff between information contained in the spectral dependence and information contained in the angular dependence of backscattered light. For a detailed dis- cussion on the physical background of the sensitivity of intensity and polarization to particle characteristics, we refer to the work of Hansen and Travis [20] and Mishchenko et al. [21] .
B. Retrieval Parameters
Aerosol Properties
In this paper, we assume that the aerosol size distribution can be described by a bimodal lognormal function. Here, each mode is characterized by the effective radius r eff , the effective variance v eff [20] , and the altitude integrated aerosol number concentration N (e.g., cm
Ϫ2
). In what follows, we use the superscripts l and s to refer to the small and large modes of the size distribution, respectively. All six parameters describing the bimodal size distribution are considered as unknown parameters in this study (for each mode the effective radius, effective variance, and altitude integrated number concentration). Additionally, the complex refractive index m ϭ m r ϩ im i is needed to characterize aerosols of each mode. Here we assume that the spectral dependence of the refractive index in the 350-2000 nm spectral range can be sufficiently described by a linear combination of the contribution of four aerosol types (mineral dust, sulfate, water soluble, soot). The refractive inidices for these types describe the most important spectral features of all types discussed by d'Almeida et al. [22] The spectral dependence of the refractive index is shown in Fig. 2 for these aerosol types. Coefficients for these aerosol types are considered as unknown parameters. Thus, in this case, there are 22 aerosol (microphysical) fit parameters, i.e., 6 for the size distribution, and 4 for both the real and the imaginary parts of the refractive index of each mode. If we consider a reduced spectral range of 350-900 nm, we assume that the spectral dependence can be described by a linear combination of two types (sulfate, water soluble) for the real part of the refractive index and three types (mineral dust, sulfate, water soluble) for the imaginary part. Namely, in this reduced spectral range, the refractive index is spectrally more flat and can be sufficiently described by the chosen subsets for all four types. So, in this case, there are 16 aerosol (microphysical) fit parameters. For all retrieval simulations, the aerosols are homogeneously distributed over the lowest 2 km of the model atmosphere. We consider the height of the aerosol layer as an additional unknown parameter in our retrieval simulations. This information is present in measurements in the ultraviolet, which are sensitive to the height at which aerosol scattering takes place [5, 23] .
Surface Properties
To account for surface reflection in our retrieval simulations, we use an approach similar to that described by Spurr [24] . Here, we describe the reflection matrix R s of the surface by a Lambertian term A and a combination of two kernels R i that describe the directional and polarization properties of the surface,
where in and out are the incoming and outgoing zenith angles, respectively, ⌬ is the relative azimuth angle, and the f i are coefficients for the two kernels. For the two kernels, we use the model for bare soils of Bréon et al. [25] and the vegetation model of Rondeaux and Herman [26] . For both kernels, we include the coefficients f i as unknown parameters in our retrieval. Additionally, we include the Lambertian term as an unknown parameter for each wavelength band at which a measurement is performed.
C. Least-Squares Solution
We now define a state vector x that contains the parameters to be retrieved, i.e., the aerosol parameters of Subsection 2.B.1 and surface properties of Subsection 2.B.2. Furthermore, let us consider a measurement vector y that contains the measurements of the instrument type under consideration, e.g., multiple-wavelength multiple-viewing-angle measurements of intensity and polarization. The retrieval of state vector x from measurement vector y requires a forward model F that describes how y and x are related,
where e y is an error term. The forward model consists of two parts. The first part relates the physical aerosol properties (size distribution, refractive index) to their optical properties (optical thickness, singlescattering albedo, phase matrix). This relation can be described by Mie theory for homogeneous spheres [19] or alternative theories for particles with other shapes [27] [28] [29] [30] [31] . For computational convenience, we assume that aerosols can be effectively described by homogeneous spheres, which allows the use of Mie theory. The second part of the forward model is an atmospheric radiative transfer model that simulates the intensity vector at the top of the atmosphere for given optical input parameters.
To retrieve x from y, we use the weighted leastsquares solution, yielding the retrieved state vector x given by [22] .
where S y is the error covariance matrix of measurement and forward model. Since the forward model F is nonlinear in the elements of the state vector x, the least-squares solution has to be found iteratively. Here, we replace for each iteration step n the forward model in Eq. (4) by its linear approximation,
where x n is the state vector for the iteration step under consideration and K is the Jacobian matrix containing the derivatives of the forward model with respect to the elements of x n , where element K ij of K is defined by
Assuming a linear dependence of the forward model within the range of the measurement error, the Jacobian matrix K can be used to calculate the retrieval error covariance matrix S x in the final iteration step:
For the investigation of retrieval errors for different instrument types using synthetic measurements, Eq. (8) can be used without doing a full iterative retrieval [32] . The retrieval errors given by S x can be evaluated for any given measurement error covariance matrix S y . The validity of a linear error mapping procedure as used in this paper has been demonstrated by Hasekamp and Landgraf [32] for aerosol retrieval from synthetic GOME-2 measurements. The 1-(standard deviation) errors on the different aerosol parameters are given by the square root of the diagonal elements of S x . For estimating direct radiative forcing by aerosols, aerosol optical properties, such as (spectral) optical thickness and single-scattering albedo, are very important. These optical properties can be derived from the aerosol microphysical parameters contained in the state vector x. The standard deviation on the optical thickness can be obtained from the retrieval error covariance matrix S x via
where S i,j denotes element ͑i, j͒ of S x . A similar expression holds for the single-scattering albedo . We use the 1-errors on the different aerosol parameters to compare the retrieval capability of different measurement types. The calculated retrieval errors should also be considered within the context of requirements for retrieval accuracies, needed for a reliable quantification of the direct and indirect effects of aerosols on climate. Mishchenko et al. [11] formulated the following requirements for aerosol retrievals over land: 0.04 (or 10%) for the aerosol optical thickness, 0.03 for the single-scattering albedo, 0.1 (or 10%) for the effective radius, 0.3 (or 50%) on the effective variance, and 0.02 on the real part of the refractive index. Here, the relative values in brackets hold if they are larger than the absolute values. In principle, these requirements should be met for both modes of the size distribution. However, if the contribution of one mode is very small, it is of minor importance if the requirements are not met for the parameters of this mode.
D. Measurement Simulation
We use linearized radiative transfer calculations [32] for the two aerosol types in Table 1 to evaluate retrieval capabilities for different instrument types. Here, the biomass burning type is dominated by small particles, while the dust type is dominated by large particles. The scattering properties for these two aerosol types are very different, as follows from Fig. 1 . As stated above, we assume that, for the calculation of optical properties, aerosols can be effectively described by homogeneous spheres, which allows the use of Mie theory. However, the use of Mie scattering may result in an overestimation of the small-mode contribution when retrieving the properties of nonspherical dust particles. Therefore, for retrievals from real measurements, the nonsphericity of dust should be taken into account, for example, by retrieving parameters describing the nonsphericity of dust [33] .
We consider retrievals over land surfaces that are 50% covered by soil and 50% covered by vegetation, i.e., both coefficients are 0.5 in Eq. (3). The corresponding Lambertian terms for vegetation (deciduous) and soil are taken from the Aster spectral library (http://speclib.jpl.nasa.gov/).
Retrieval error covariance matrices (8) were calculated for different types of single-viewing-angle and multiple-viewing-angle measurement of intensity and͞or polarization. In Table 2 , the characteristics of the two basic measurement types used in this study [12] .
To obtain the retrieval error covariance matrix S x we need to assume the measurement errors given by S y in Eq. (8) . The contribution to S y of photon shot noise is calculated using the instrument characteristics given in Appendix A and is assumed to be uncorrelated. This typically results in a relative shot-noise level ⑀ int of 0.1%-0.2% for Stokes parameter I. Since the absolute-noise level is the same in Stokes parameters I, Q, and U, the relative noise levels ⑀ Q and ⑀ U on Stokes parameters Q and U depend on the Stokes fractions q and u, respectively. Here
and a similar expression holds for ⑀ U . So, the relative errors on Q and U increase for decreasing corresponding Stokes fractions. Considering only the error source of photon shot noise, unrealistically positive retrieval diagnostics will be obtained, because the measurement may be expected to also contain other errors such as radiometric calibration errors, errors due to spatial aliasing, and errors in the dark current correction. Furthermore, the retrievals are also affected by assumptions made in the forward model. These additional errors may or may not be correlated for different wavelengths and different angles, depending on the specific measurement instrument design. In our simulations, we add an error e int on I, and e pol on q, and u in addition to the shot-noise contribution to account for such forward model and measurement errors. We will investigate the effect of the magnitude of e int and e pol on the retrieved aerosol parameters and also investigate the effect of errors that are correlated for different wavelengths and viewing angles. Figure 3 shows the retrieval errors on the aerosol optical thickness at 550 nm͑ 550 ͒ as a function of solar zenith angle (SZA), for retrievals using measurements of intensity and͞or polarization at 17 viewing angles corresponding to type A, and for measurements of intensity and͞or polarization in one viewing direction corresponding to type B. For both type A and type B, we consider measurements of only intensity (Stokes parameter I) and measurements of intensity and polarization (I, q, and u). For the calculations, the dust aerosol type (see Table 1 ) was used with 550 ϭ 0.3. For these retrievals, the surface properties are assumed known, because otherwise the retrievals from measurement type B͑I͒ would represent an underdetermined problem. A first conclusion that can be drawn from Fig. 3 is that, if all microphysical aerosol parameters of a bimodal aerosol model are unknown, the single-viewing-angle intensity measurements of type B͑I͒ do not provide sufficient information for an accurate retrieval of optical thickness, even for the broad spectral range of 350-2250 nm, and surface properties that are perfectly known. This means that for retrieval of aerosol properties from this type of measurements accurate a priori information is needed on microphysical aerosol parameters, which is not available on a global scale.
Comparison of Measurement Types
The combined use of single-viewing-angle intensity and polarization measurements in type B͑I, q, u͒ causes a strong decrease in the error. Here, the error on 550 is a factor of 5-20 lower for measurement type B͑I, q, u͒ than for measurement type B͑I͒. For small SZAs, the use of multiple-viewing-angle intensity measurements A͑I͒ results in errors that are approximately a factor of 3 smaller. However, for SZA Ͼ 50°, the errors are similar for types A͑I͒ and B͑I, q, u͒. The retrieval errors for the multipleviewing-angle measurements of intensity and polarization of type A͑I, q, u͒ are extremely low in Fig. 3 , namely, ϳ0.005 on 550 .
As stated above, the assumption that the surface properties are known is not valid for aerosol retrievals over land surfaces on a global scale. If the surface properties are considered as unknown parameters, retrievals from measurement B͑I͒ would represent an underdetermined problem. Furthermore, for the single-viewing-angle measurements of intensity and polarization of type B͑I, q, u͒, the retrieval errors increase by approximately a factor of 10 -20 (not shown) compared with retrievals where the surface properties are known (Fig. 3) . So, for aerosol retrievals over land from measurement types B͑I͒ and B͑I, q, u͒ a priori information on surface reflection is needed. For example, assumptions can be made on the spectral dependence of the surface albedo or albedo information from satellite-based climatologies can be used. However, uncertainties in assumptions on surface reflection represent one of the largest error sources on retrieved aerosol properties.
Errors due to assumptions in surface reflection can be significantly reduced if aerosol properties and surface properties are simultaneously retrieved. As stated above, for these combined retrievals the single-viewing-angle measurements of types B͑I͒ and B͑I, q, u͒ do not provide sufficient information, and thus multiple-viewing-angle measurements are essential. So, for aerosol retrievals over land surfaces with unknown albedo, the situation is very different than that for aerosol retrievals over the ocean, where single-viewing-angle measurements of intensity and polarization do provide useful aerosol information [5, 12] . Figure 4 shows the retrieval errors on 550 for the multiple-viewing-angle measurements of types A͑I, q, u͒ and A͑I͒ for both aerosol types of Table 1 . The surface properties are considered unknown in these retrievals. It can be seen that for these retrievals, multiple-viewing-angle measurements of intensity and polarization provide much better information than multiple-viewing-angle measurements of only intensity. Here, the retrieval errors on 550 for multipleviewing-angle measurements of only intensity, are significantly larger than the requirements. Thus, for aerosol retrievals over land surfaces with unknown reflection properties, polarization measurements are essential in order to retrieve aerosol properties with accuracies sufficient for a reliable quantification of the direct and indirect effects of aerosols on climate. In the following section, we will investigate the capability of such measurements in more detail.
Multiple-Viewing-Angle Intensity and Polarization Measurements
A. Effect of Measurement Errors
The errors on the different retrieved aerosol parameters obviously depend on the measurement errors on I, q, and u. l as a function of the error e pol on q and u, for different errors e int on I. For e int ϭ 1%, we also considered measurement errors that are correlated for different wavelengths and viewing angles. Here, we assumed an exponentional decay of the correlation with wavelength and viewing angle, where the correlation is reduced to 1͞e for wavelength differences of 100 nm and viewing angle differences of 60°. We consider e pol and e int in addition to shot noise. From Fig. 5 , it follows that, if e pol ϭ 0.001, the sensitivity to e int is small for most parameters. However, this sensitivity increases rapidly with e pol . For example, if e pol ϭ 0.005, the error on 550 increases from 0.025 to 0.07, when e int is increased from 1% to 4%. The effect of correlated errors is largest for r eff l , m r l , and m i l . Here, correlated measurement errors can cause retrieval errors that are approximately a factor of 2 higher. Given the requirements of Mishchenko et al. [11] , the errors e pol and e int are most crucial for the real part of the refractive index of the large mode. Here, the requirement on m r l is met only if e int Յ 1% and e pol Յ 0.002. The requirement is then not met for m r s , but this is considered less important because the dust aerosol type is dominated by large particles. For r eff l , the requirement is met for e int Յ 4% if e pol Յ 0.001, whereas if e int Յ 1%, the requirement is met for e pol Յ 0.003. For 550 the allowed measurement errors are similar. In general, it follows from Fig. 5 that high polarization accuracy is very important for most parameters. However, for 550 , the requirement is met for e pol Ͻ 0.02, if e int is 1%. In the following, we will consider simulations with e int ϭ 1% and e pol ϭ 0.002. , and m i l for measurement type A͑I, q, u͒, as a function of 550 for a relative azimuth angle ⌬ ϭ 60°(corresponding to positive viewing angles) and for ⌬ ϭ 0°(principal plane). Note the different scale for the large-mode parameter in the case of dust aerosols. It can be seen in Fig. 6 that the absolute error on 550 increases with increasing values of 550 . However, the relative error decreases. For all other aerosol characteristics shown in Fig. 6 , the error decreases with increasing optical thickness, with the strongest decrease between 550 ϭ 0.1 and 550 ϭ 0.3. The reason for this is that the contribution of light scattered by aerosols to the measured intensity vector at the top of the atmosphere increases with increasing optical thickness. For ⌬ ϭ 60°, the requirements are met for all the parameters in the case of the dust aerosol type for 550 Ͼ 0.3 (except for m r s , see above). For 550 Ͻ 0.2, the error on the smallmode parameters increases rapidly.
For the biomass burning aerosols, the errors on the large-mode parameters are much larger than the requirements. This can be explained by the fact that the biomass burning aerosol type is dominated by the small mode, and therefore the contribution of large particles to the total optical properties, and thus to the measurement, is small. Because of this small contribution of the large mode to the aerosol optical properties, the errors on the large-mode parameters are, in this case, of minor importance for climate research. However, when performing an iterative retrieval, it is important to incorporate some kind of regularization in the retrieval process, in order to avoid errors that are larger than 100% (and the possibility of negative values). Considering the small mode, the requirements are met for the biomass burning aerosol type for 550 Ͼ 0.3.
For observations in the principal plane ͑⌬ ϭ 0°͒, the errors on the aerosol parameters are considerably smaller than for ⌬ ϭ 60°. The reason for this is that measurements performed in the principal plane allow sampling a larger range of scattering angles. The error on the aerosol optical thickness is approximately a factor of 2 smaller for ⌬ ϭ 0°than for ⌬ ϭ 60°. For other parameters, the differences are even larger. For example, in the case of dust aerosols, the errors on r eff l and m r l are approximately a factor of 4 smaller for ⌬ ϭ 0°than for ⌬ ϭ 60°. On the other hand, if the solar plane is perpendicular to the plane of the observations, the range of sampled scattering angles becomes much smaller (positive and negative viewing zenith angles yield the same scattering geometry), and thus the errors on the aerosol parameters increase significantly (not shown). For example, for this situation, the error on 550 becomes ϳ0.04 for biomass burning aerosols and 0.06 for dust aerosols (for 550 ϭ 0.3). In general, observations with Table 1 were used for these simulations with 550 ϭ 0.3. The SZA ϭ 50°and the relative azimuth angle ⌬ ϭ 60°for positive viewing angles and ⌬ ϭ Ϫ120°for negative viewing angles.
75°Ͼ ⌬ Ͼ 105°should be avoided in order to meet the requirements.
We have calculated retrieval errors for all the aerosol types given by Torres et al. [3] and found that, for the aerosol types that are dominated by small particles, the retrieval errors are similar to those of the biomass burning aerosol type, while for the aerosol types that are dominated by large particles, the retrieval errors are similar to those for the dust aerosol type. We also performed retrieval simulations for pure soil and pure vegetation surfaces. Compared with the simulations shown in this paper (50% soil and 50% vegetation), the retrieval errors are slightly larger (the error on 550 is ϳ0.003 larger) for surfaces with only vegetation and slightly smaller (the error on 550 is ϳ0.005 smaller) for surfaces with only soil.
To summarize, instrument type A͑I, q, u͒, which provides multiple-viewing-angle measurements of intensity and polarization, is very promising for aerosol retrievals over land surfaces with unknown surface reflection properties. It may be expected to provide aerosol information with sufficient accuracy for reliable quantification of the direct and indirect effects of aerosols on climate.
Trade-off Between Spectral and Angular Information
For the design of future satellite instruments dedicated to aerosol retrieval, it is important to investigate the trade-off between information contained in the spectral signature of I, q, and u and information contained in the angular signature. , and m i l for multiple-viewing-angle intensity and polarization measurements as a function of the number of viewing angles. We considered three wavelength bands (1300, 1600, and 2250 nm) in the shortwave infrared and equally distribute the remaining wavelengths over the 350-900 nm spectral range. Additionally, a reduced spectral range of 350-900 nm is considered (this roughly corresponds to the POLDER spectral range). The total number of measurements is held approximately constant at 510 for all simulations. Thus, we decrease the spectral sampling by increasing the number of viewing angles, where the number of spectral sampling points is indicated at the top of the x axis in Fig. 7 . By keeping the total number of measurements constant, we avoid differences in retrieval error due to the fact that the signal-to-noise ratio improves when the total number of measurements is increased. In this way, we focus on the intrinsic aerosol information present in the measurements. Results are shown for both biomass burning aerosols and dust aerosols.
A first conclusion that follows from Fig. 7 is that the retrieval errors significantly decrease if the number of viewing angles is increased from 2 to 3. So, a minimum of three viewing angles is required. However, if the number of viewing angles is Ն3, the retrieval errors are only slightly affected when the number of viewing angles is increased at the cost of the number of spectral sampling points, starting with three viewing angles and 56 wavelengths. In fact, for some parameters, the errors become slightly larger when the number of viewing angles is increased from 3 to 21, but the increase is small compared with the requirements. Clearly, there is an overlap between information contained in the spectral dependence of intensity and polarization of backscattered light, and information contained in the angular dependence. So, this indicates that there is a certain amount of freedom for the instrument design of dedicated aerosol instruments. The final choice on the trade-off between spectral sampling and the number of viewing angles should be made taking into account other factors, such as instrument complexity, measurement accuracy, and the ability to obtain global coverage. Within this context, the future APS instrument has the ability to precisely measure the relative Stokes parameters (0.001, see Chowdhary et al. [23] ), but has limited global coverage. On the other hand, PARASOL provides daily global coverage, but the polarization accuracy is assumed to be worse than that of APS due to the fact that polarization components are sequentially measured. Another interesting instrument concept given the conclusions drawn from Fig. 7 , is the concept of the dedicated aerosol experiment [34] (DARE), i.e., three viewing angles and a spectral resolution of 5-15 nm.
Comparing measurements in the range of 350-2000 nm with measurements in the range of 350-900 nm, the most important differences are in the retrieval errors of r eff l , v eff l , and m r l (in the case of dust). Here, the measurement types in the range of 350-2250 nm yield significantly smaller retrieval errors for these large mode parameters, because the measurements of I, q, and u are most sensitive to particle characteristics at wavelengths similar to the particle size [20] . Here, the inclusion of measurements in the range of 990-2250 nm reduces the errors by approximately a factor of 2. For the other parameters, the effect of the spectral range is smaller. However, it is important to remember that the retrievals in the range of 350-900 nm include less parameters describing the spectral variation of the refractive index than retrievals in the range of 350-2250 nm. Clearly, if retrievals are performed in the spectral range of 350-900 nm, no information is obtained on the refractive index for wavelengths Ͼ900 nm.
Conclusions and Discussion
We have investigated the capability of multipleviewing measurements of intensity and polarization for the retrieval of aerosol properties over land surfaces, and compared it with the capability of other instrument concepts. All the parameters of a bimodal aerosol size distribution were considered as unknown parameters. For the retrieval simulations, all the aerosols were homogeneously distributed over the lowest 2 km of the atmosphere, where the height of the aerosol layer was included as an additional fit parameter. We assumed that aerosols can be effectively described by homogeneous spheres, which allows the use of Mie theory. We found that singleviewing-angle measurements of intensity alone do not provide sufficient information on aerosol properties, if no accurate a priori information on microphysical aerosol properties is available, even if the surface reflection properties are perfectly known. In this situation, the combined use of intensity and polarization measurements in one viewing direction, or the use of multiple-viewing-angle measurements of intensity alone or polarization alone, reduces the optical thickness errors by a factor of 5-20. The use of multiple-viewing-angle measurements of both intensity and polarization further reduces the error by approximately a factor of 2-3.
The assumption that surface reflection properties are known is not valid for aerosol retrievals over land. Therefore, we considered the simultaneous retrieval of aerosol and surface properties. Here, the reflection matrix of the surface is described by a linear combination of two kernel functions for soil and vegetation, respectively, and additionally a wavelengthdependent Lambertian term. The coefficients for the kernel functions and the Lambertian term for each wavelength band were retrieved simultaneously with the aerosol properties. Such combined retrievals represent an underdetermined or ill-posed problem if we consider only single-viewing-angle measurements. Therefore, for aerosol retrievals from single-viewingangle measurements over land, critical assumptions have to be made on the spectral dependence of surface reflection, or surface information from satellite climatologies need to be used. On the other hand, multiple-viewing-angle measurements do allow the simultaneous retrieval of aerosol and surface properties. However, the retrieval errors for multipleviewing-angle measurements of intensity alone are significantly larger than the requirements. So, such retrievals should include a priori information on microphysical aerosol properties and͞or surface properties. Only multiple-viewing-angle measurements of intensity as well as polarization allow a simultaneous retrieval of aerosol and surface properties, where the accuracies on the aerosol parameters are sufficient for climate research.
Using these types of measurement, the requirements can be met for all optical and size distribution parameters of the dominant mode, for 550 Ͼ 0.3. For this purpose, the errors (in addition to shot noise) on the intensity need to be Յ1% and the errors on the relative Stokes parameters q and u need to be Յ0.002. These requirements can be relaxed if the plane of observations becomes closer to the principal plane. On the other hand, observations with relative azimuth angles of 75°Ͼ ⌬ Ͼ 105°should be avoided in order to meet the requirements. Reduction of the spectral range from 350 -2250 to 350-900 nm leads to an increase in error on the large-mode parameters by approximately a factor of 2.
Finally, we investigated the trade-off between information contained in the spectral signature of I, q, and u and information contained in the angular signature. We found that the retrieval errors are only slightly affected when the number of viewing angles is increased at the cost of the number of spectral sampling points, as long as at least three viewing angles are available. So, we found that there is a clear overlap between information contained in the spectral dependence of intensity and polarization of backscattered light, and information contained in the angular dependence. This indicates that there is a certain amount of freedom for the instrument design of dedicated aerosol instruments. The final choice on the trade-off between the spectral sampling and the number of viewing angles should be made taking into account other factors, such as instrument complexity, measurement accuracy, and the ability to obtain global coverage.
